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Abstract Parameterizations of plant competition processes involving shrubs, mosses, grasses, and trees
were introduced with the recently implemented shrubs and mosses plant functional types in the
ORCHIDEE dynamic global vegetation model in order to improve the representation of high latitude
vegetation dynamics. Competition is based on light capture for growth, net primary productivity, and
survival to cold-induced mortality during winter. Trees are assumed to outcompete shrubs and grasses for
light, and shrubs outcompete grasses. Shrubs are modeled to have a higher survival than trees to extremely
cold winters because of thermic protection by snow. The fractional coverage of each plant type is based on
their respective net primary productivity and winter mortality of trees and shrubs. Gridded simulations were
carried out for the historical period and the 21st century following the RCP4.5 and 8.5 scenarios. We evaluate
the simulated present-day vegetation with an observation-based distribution map and literature data of
boreal shrubs. The simulation produces a realistic present-day boreal vegetation distribution, with shrubs,
mosses north of trees and grasses. Nevertheless, the model underestimated local shrub expansion compared
to observations from selected sites in the Arctic during the last 30 years suggesting missing processes
(nutrients and microscale effects). The RCP4.5 and RCP8.5 projections show a substantial decrease of bare
soil, an increase in tree and moss cover and an increase of shrub net primary productivity. Finally, the
impact of new vegetation types and associated processes is discussed in the context of climate feedbacks.

Plain Language Summary Changes in the northern vegetation exert feedbacks on climate
through surface energy and greenhouse gas fluxes. For example, increased vegetation cover can lead to
warming due to stronger absorption of shortwave radiation (through decreased albedo). In this study we
developed a new version of the ORCHIDEE dynamic vegetation model, allowing us to simulate the
dynamical cover of mosses and shrubs, two important types of northern vegetation, alongside with grasses
and trees. The prevalence of the different forms of vegetation is ruled by light capture during the growing
season, mortality during the cold conditions, and competition for space. The new model is tested for
present-day land cover and used for future climate projections. We simulated a realistic vegetation map for
historical simulations and a substantial decrease of bare soil with shifts of vegetation in future simulations.
However, the model underestimated local shrub expansion compared to observations.

1. Introduction

Earth system models (ESMs) with integrated land surface models (LSMs) are used for projections of vegeta-
tion changes in conjunction with climate change (Cox et al., 2000; Oki & Kanae, 2006; Piao et al., 2006;
Schimel, 1995; Trenberth et al., 2009). It is essential to take into account and to be able to project vegetation
changes in ESMs because during large climate shifts the feedbacks of vegetation on climate can be very
strong. This was the case during the Last Glacial Inception (approximately 11,5000 years before present),
which was correctly reproduced in climate models only when shifts in vegetation distribution were taken
into account using dynamic global vegetation models (DGVMs; Crucifix & Loutre, 2002; Gallimore &
Kutzbach, 1996; Meissner et al., 2003; de Noblet et al., 1996; Quillet et al., 2010). Recent climate feedbacks
from vegetation changes were also demonstrated (Lawrence & Swenson, 2011; Loranty et al., 2014; Luus
et al., 2013; Pearson et al., 2013; Porada et al., 2016), such as a consistent decline of albedo with increasing
tree cover (Loranty et al., 2014). High-latitude ecosystems have a significant impact on the climate (Bonan,
1995; Chapin et al., 2000; Christensen et al., 1999), for example, the increase of annual temperature at regio-
nal scales due to shrub cover increase (Bonfils et al., 2012). Yet shrub expansion is observed in many Arctic
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areas (Myers-Smith et al., 2011; Naito & Cairns, 2015; Sturm, Holmgren, et al., 2001; Tape et al., 2006) and is
attributed to the ongoing changes in climate (e.g., to changes in annual precipitation in Frost & Epstein,
2014). The vegetation distribution change contributes to the observed increase of leaf area in the Arctic
(Blok, Schaepman-Strub, et al., 2011; Bonfils et al., 2012; Elmendorf et al., 2012; Jiang et al., 2012; Xu
et al., 2013).

In the majority of DGVMs, vegetation competition and disturbances are implemented at a daily to yearly
time step (Krinner et al., 2005; Sitch et al., 2003). The representation of vegetation competition usually
includes competition for light, and vegetation extension on free space often depends on their relative pri-
mary productivity (Krinner et al., 2005; Prentice & Leemans, 1990; Sitch et al., 2003). Disturbances and bio-
climatic factors, such as fires, frost (Pachzelt et al., 2015; Sinclair et al., 2007; Thonicke et al., 2008),
herbivory, or trampling (Gill, 2014; Olofsson et al., 2009; Zimov et al., 1995), drive vegetation mortality
and productivity and, consequently, competition among plant types and their distribution (Haxeltine &
Prentice, 1996; Prentice et al., 1992). In northern latitudes the vegetation is particularly sensitive to tempera-
ture, because an increase of temperature above 0 °C can lengthen the growing season and decrease mortality
due to extreme cold conditions. These interactions can have impacts on physical variables such as the albedo
(Brovkin et al., 2003; Cook et al., 2008; Foley et al., 1994; Meissner et al., 2003), which changes significantly if
vegetation is above or below the snow. Vegetation also affects soil thermal properties, by affecting snow
thickness and thus thermal insulation by snow cover (Liston et al., 2002), by low conductivity moss and
lichen layers (Chadburn et al., 2015b; Porada et al., 2016), and by the presence of soil organic carbon
(Epstein et al., 2000; Koven et al., 2011; Rinke et al., 2008). Thus, vegetation shifts will change the carbon
balance of ecosystems, the surface energy budget, and the soil thermic and hydrological regimes (Betts,
2000; Cox et al., 2000; Zhang et al., 2013), for instance, snow-season albedo, soil moisture, or evapotranspira-
tion in former grasslands transformed into forests. These processes can lead to positive or negative feedbacks
on temperature (Foley et al., 1994). Nowadays, many DGVMs contain a description of shrubs, such as in the
Community Land Model (Oleson et al., 2013), mosses, or both, such as in BIOME4 (Kaplan et al., 2003),
JULES (Chadburn et al., 2015a; Clark et al., 2011), and JSBACH (Baudena et al., 2015; Porada et al.,
2013, 2016).

In order to be able to simulate the changes of spatial cover of high-latitude vegetation (and thus associated
feedbacks), one thus needs to represent the competition for space between shrubs, mosses, trees, and grasses
in such regions. For this purpose, a representation of shrubs and mosses had to be incorporated in the
DGVM module of a LSM, here ORCHIDEE, including the development of new processes. This modified
model is tested for its ability to capture the recent observed Arctic greening and shrub expansion over the
last decades. Furthermore, the sensitivity of the simulated vegetation distribution to possible future climate
change is explored.

2. Methods
2.1. Overall ORCHIDEE Model Description

We have used ORCHIDEE (Organizing Carbon and Hydrology in Dynamic Ecosystems), the LSM compo-
nent of the IPSL-CM ESM (Institute Pierre Simon Laplace Climate Model). ORCHIDEE was first described
in Krinner et al. (2005), with the vegetation dynamics module directly introduced from the Lund-Potsdam-
Jena model (Sitch et al., 2003). The version of ORCHIDEE used in this study (ORC-HL-VEGvV1.0, Druel et al.,
2017) includes key processes relevant for high latitudes: (i) a soil-freezing scheme and its effect on root water
availability and soil thermodynamics in order to represent permafrost (Gouttevin et al., 2012), (ii) an
improved snow scheme describing the snow pack with three explicit snow layers (Wang et al., 2013) based
on the ISBA-ES LSM (Boone, 2002), and (iii) nonvascular plants (bryophytes and lichens, referred as moss in
this article) and shrubs as two new plant functional types (PFTs) compared to the original version of
ORCHIDEE, with specific equations and parameters (Table S1). Using a prescribed constant spatial distribu-
tion of the PFTs from a satellite land cover map, Druel et al. (2017) analyzed the impact of including these
new PFTs on the net and gross carbon fluxes and the surface energy budgets over the boreal and Arctic zone.
In this paper, we focus on modeling the dynamic competition of mosses and shrubs with grasses and trees in
order to calculate the spatial coverage of each of these PFTs. As a general principle the competition between
PFTs (and thus the fractional area occupied by each PFT in a grid box) is based on light access, net primary
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Figure 1. Summary of the main dynamical processes involving boreal vege-
tation. Thin blue arrows represent the water competition inside a soil tile.
The yellow arrow represents the light competition, and its direction indi-
cates the dominated vegetation when the maximum coverage is reached.
The wide sky blue arrows represent the competition inside a vegetation
layer, based on the plant productivity depending on the plant functional
type (PFT) capacities and environmental conditions. Main PFT character-
istics influencing the competition are indicated in dark red. Competition
between grasses and other grasses or trees and other trees represents the
competition between the different PFTs (e.g., cold C3 grasses vs. C4 grasses).
NPnet primary productivity.

productivity (NPP), and mortality (depending on climate-related thresh-
olds). There is currently no vertical discretization of the vegetation in
ORCHIDEE. Therefore, it is not yet possible in this study to simulate mul-
tiple vegetation layers, such as understory vegetation with mosses/grass/
shrubs under trees. Note that the dynamical vegetation model in
ORCHIDEE, initially described in Krinner et al. (2005), has been revised
by Zhu et al. (2015) in order to calibrate the key parameters controlling
the vegetation distribution, following the recent model improvements.

2.2. Vegetation Competition

In ORCHIDEE, as long as there is available space (bare soil) and enough
water supplies in a grid box, there is no direct competition between PFTs:
They can expand if they are adapted to local climatic conditions (i.e., the
NPP exceeds the mortality). Three types of processes mainly drive the spa-
tial competition in the modified DGVM of ORCHIDEE (as represented in
Figure 1):

1. Water competition occurs for different PFTs present within a given soil
tile. There are three different soil tiles, which contain all the herbac-
eous PFTs, all tree PFTs and bare soil respectively. Shrubs were intro-
duced in the soil tile of trees, while mosses and Arctic grasses were
introduced in the herbaceous tile.

2. Direct light competition between PFTs only occurs when the foliage-
projected cover (FPC) on the soil approaches 1. When light competi-
tion occurs due to space constraints, trees are assumed to receive more
light and outcompete grasses and mosses. The grass fraction of a grid
cell is then reduced (Krinner et al., 2005; Sitch et al., 2003). Shrubs
have an intermediate height and are assumed to outcompete both her-
baceous and moss vegetation for light. Therefore, if the woody vegeta-
tion FPC defined by shrubs and trees reaches over 0.95, shrubs are

dominated by trees and their fractional cover is reduced (through an increase of mortality) until total
woody FPC does not exceed 0.95. If the tree FPC exceeds 0.95, the FPC of the remaining trees is reduced
to the threshold of 0.95 (see Figure 1). Then, if total FPC (herbaceous and woody vegetation) >1, we
increase the mortality of grass and moss PFTs, thereby reducing their fractional cover.

3. Competition within each vegetation layer (herbaceous, shrubs, or trees) is calculated based on the NPP.
When the vegetation cover is closed (FPC approaches 1), to comply with (II), the same relative reduction
of spatial coverage (through increased mortality) is applied to all PFTs inside a vegetation layer. As a con-
sequence, the most productive PFTs, which grow faster than others, fill up most of the newly available
space and gradually outcompete the others. Thus, all factors impacting the NPP (e.g., water stress and
desiccation) are able to affect the spatial repartition of PFTs. Conversely, as long as the FPC is low, there
is no NPP-based competition: The vegetation types can coexist.

2.3. NPP Control

The NPP can be diagnosed from vegetation respiration and gross primary production. Gross primary produc-
tion depends on the leaf area index (LAI), temperature, humidity, water availability, and light limitation
occurring from Rubisco at low irradiance and from electron transport rate at high irradiance. The
Rubisco-limited carboxylation rate is given by the parameter Vemax2s) at 25 °C and the electron transport
limited rate Vjy,x is assumed to be proportional to Ve, The formulation of Ve, depends upon tempera-
ture (Yin & Struik, 2009), with an acclimation to seasonal temperature conditions through the monthly
mean temperature as detailed in Druel et al. (2017). Boreal vegetation has a lower Vcpax(2s) than standard
PFTs (Table S1) and thus lower potential productivity in optimal conditions.

With specific environmental conditions, other variables than temperature control Veyax2s). For mosses,

Vemax(as) = 28 p.mol-m_2~s_1

(cf. to 70 umol-m™>.s~" for original grasses) and water stress occurs because

of restricted access to soil water (99% of “roots” are considered above 11 cm for mosses vs. 50 cm for C3
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grasses), as defined after a calibration of key model parameters with in situ data in Druel et al. (2017). The
higher long-term resistance of mosses to soil water stress is due to their ability to dry out and restart as soon
as favorable conditions return. This reversible desiccation process was modeled by prescribing a lower mor-
tality rate for mosses and a Ve, limitation based on a monthly soil moisture stress factor (wg) rather than a
daily/hourly one. The stress factor is defined by the convolution of the moss root fraction in each layer with
the relative soil water content (Druel et al., 2017). To take into account the higher water stress of grasses
compare to mosses in water-logged soils, we decrease the Vepax(2s) of grasses when the soil is water saturated
(1 > wy > wg_max) by a so-called anoxic factor (ay) defined by equation (1).

If wy>w a5 = ap + % 5w
s s_max, Uf = to Wy max s (1)

Else wy < Ws_max, af = 1

Here Wy _may is a threshold defining water-saturated soil (0.97) and a, a minimum anoxic factor equal to 0.2.

In addition, a temperature-dependent reduction of productivity due to frost was added, which indirectly con-
trols in the DGVM the distribution of the temperate and boreal broadleaf deciduous tree PFTs (Zhu
et al., 2015).

2.4. Survival Capacity

In cold regions, the most important bioclimatic factor for tree survival is cold temperatures, modeled by a
PFT-dependent linearly increasing mortality rate below a critical daily minimum temperature.
Furthermore, trees cannot exist if the mean air temperature during the warm season (defined when the
minimum temperature of the week is above 0 °C, Zhu et al., 2015) is less than 7 °C. In this study, we set
the minimum daily critical air temperature to —45 °C for shrubs, equal to that of boreal needle-leaved ever-
green and broadleaved summer green (see Table 1 of Zhu et al., 2015; Table S1).

For shrubs, we adapted the cold-induced mortality as a function of snow thickness. In presence of snow,
the minimum temperature (Ty,iy) used to calculate tree mortality in the DGVM is the 2-m air tempera-
ture, while for shrubs it is based on the snowpack temperature profile (in general warmer), as described
in Druel et al. (2017). Therefore, the part of shrubs covered by the snowpack, defined by the snow depth
(itself function of snow mass and density) and the shrub height (following shrub specific allometry; see
Text S1 in the supporting information), is protected from being exposed to critical daily minimum tem-
peratures by the snow cover.

In order to represent the specific resistance of mosses to drought, a stronger resilience to water stress was
assigned to mosses compared to grasses. This reflects their desiccation capacity (leading to a lower mortal-
ity), as described in Druel et al. (2017).

2.5. Configuration of Simulations

Simulations of the vegetation distribution at 2° resolution between 40°N and 90°N are presented in this study
for the historical period (20th century) and the 21st century with two different RCP scenarios (Moss et al.,
2010). Simulations for the historical period use CRUNCEP meteorological forcing (Viovy, 2015; Wei et al.,
2014) from 1901 to 2013. The model is spun up for 1,000 years using random forcing years from 1901 to
1950 to equilibrate vegetation distributions in the DGVM (attained after around 250 years) and woody
biomass pools.

Sensitivity tests to future climate conditions are based on RCP 4.5 and 8.5 scenarios, corresponding to a
radiative forcing of approximately +4.5 and +8.5 W/m? in 2100 (Moss et al., 2010). The meteorological for-
cing is constructed using an anomaly method following Koven et al. (2015), applied to the present-day
CRUNCEP forcing and using climate anomalies from the IPSL-CMS5 general circulation model simulations
(Dufresne et al., 2013). It is provided at a horizontal resolution of 2°, from 2014 to 2100. The initial conditions
for the sensitivity tests to future climate conditions are the final vegetation and soil state of the
historical simulation.
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Figure 2. Stacked bar chart of vegetation coverage in northern latitudes (north of 60°N), with on the left a simulation
using ORCHIDEE old DGVM (13 PFTs) at present day (between 1984 and 2013), then present-day observation map
using satellite data (*from Druel et al., 2017), in the middle present-day (between 1984 and 2013) simulation with the
new DGVM (16 PFTs with cold C3 grasses, shrubs, and mosses), and then two simulation for future scenarios (between
2071 and 2100) with RCP 4.5 and 8.5 (right). The value of vegetation fraction cover [0-1] is indicated for each vegetation
cover. PFT = plant functional type; DGVM = dynamic global vegetation model.

3. Results

3.1. Present-Day Simulated Vegetation Distribution

Compared to the original DGVM in ORCHIDEE (Krinner et al., 2005), the new one presented here contains
three additional PFTs being cold C3 grasses, shrubs, and mosses, as well as new processes associated to these
new PFTs. The parameters for trees and other grass PFTs were not modified in the vegetation dynamic mod-
ule in order to isolate the consequences of the introduction of the new PFTs.

Figures 2 and 3 show the vegetation cover and its distribution at northern latitudes (north of 60°N), averaged
for a 30-year period during present-day conditions, from a simulation with the old and new DGVM
(1984-2013) and from an observation-based vegetation map used in Druel et al. (2017). This vegetation
map combines the satellite-based land cover product of the European Space Agency Climate Change

M

Old DGVM New DGV

g

Figure 3. Composite-color maps of the present-day vegetation coverage in northern latitudes (north of 60°N), with on the
left simulation using ORCHIDEE old DGVM (13 PFTs), on the right ORCHIDEE using the new DGVM (16 PFTs with cold
C3 grasses, shrubs, and mosses) and in the middle observation map using satellite data (*from Druel et al., 2017). Both
simulated maps show mean between 1984 and 2013. Color coding is such that saturation indicates total grid-scale coverage
maximum (=1), while hue indicates the relative vegetation coverage following the three vegetation layers: woody vege-
tation in red (only trees with the old DGVM simulation - trees and shrubs otherwise) and herbaceous in green (including
C3 and C4 standard grasses with the old DGVM simulation, and with cold C3 grasses and mosses in addition otherwise).
PFT = plant functional type; DGVM = dynamic global vegetation model.
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Initiative (available at http://www.esa-landcover-cci.org/), the Circumpolar Arctic Vegetation Map (CAVM
Team, 2003), and the map developed by Loveland et al. (2000). Comparing with the observation-based map,
the two simulations tend to have more land covered predominantly with one type of vegetation (fractional
cover close to 1; i.e., saturated colors). Notably, the tree cover is overestimated in Europe and West Asia in
both simulations. The herbaceous coverage is overestimated in most parts of North America and East Asia in
the old DGVM, while the shrub cover in the new DGVM is overestimated on a smaller area in West America
and extreme East Asia. However, compared to the observation-based vegetation map (36%), the present-day
simulated woody cover is closer to the new DGVM (46%) than to the old DGVM (20%), despite a suspected
overestimation of shrubs. The old DGVM also clearly underestimates such cover. Moreover, the woody cover
simulated with the new DGVM is more widely distributed, and its distribution better fits that of the
observation-based estimate. The simulated herbaceous cover is also closer to the observations with the
new DGVM; we obtain a mixture of vegetation cover (dark green color in Figure 3), when there is mainly
herbaceous dominance (light green) with the old DGVM.

The introduction of the new PFTs does not substantially change the tree distribution compared to the stan-
dard DGVM. Tree coverage is slightly reduced, from 20% to 18% on average, versus 22% in the observation-
driven map. Trees are not impacted much by adding shrubs in the DGVM, because they outcompete them
through competition for light, and small differences in tree cover with the new DGVM (see Figure S1) can
only be due to the competition for water. In areas devoid of trees, according to the observation-driven
map, shrubs are growing reasonably well in the new DGVM version, which leads to an average coverage
of 28% north of 60°N. Such growth is due to the shrub resistance to extreme frost condition (through snow
protection). This increased shrub cover occurs at the expense of grasslands due to the light competition,
resulting in a drastic grass cover reduction from 65% to 28%. Compared to the present-day vegetation
map, this smaller new DGVM grass coverage is more realistic (19% in the observation-based map). In the
new DGVM, the mosses occupy 7% of the high-latitude area at the expense of grasses. However, such moss
cover is still lower than in the observation-based vegetation map, with a moss fraction of 22%.

In summary, the new DGVM matches better the observation-based vegetation distribution, and the new
PFTs introduced in the DGVM let shrubs extend further poleward than trees. This allows simulating shrub
tundra north of the taiga belt, although the simulated coverage (28%) seems too high compared to the
observation-based map (14%). This difference is mainly due to regional biases, particularly in East Siberia
or Western North America, highlighted with a saturated red color in the new DGVM map in Figure 3, where
the simulated shrub fraction is around 100% while it does not reach 50% in the reference map. However, one
has to keep in mind that the observation-based map relies primarily on satellite land cover maps that have
large uncertainties, as discussed in Hartley et al. (2017).

3.2. Future Evolution of the High-Latitude Vegetation

In order to assess the model behavior and sensitivity with the newly implemented vegetation in this DGVM,
some projections were made with different scenarios. Figures 2 and 4 show the simulated vegetation frac-
tional cover and spatial distribution in northern latitudes (north of 60°N) with the new DGVM, averaged
for two 30-year periods: present-day (1984-2013) and end of this century (2071-2100). There is a global
reduction of herbaceous and shrubs cover over time from 1984-2013 to 2071-2100 in favor of trees, which
expand their distribution area to the north (by +65% in RCP 4.5 and +220% in RCP 8.5 north of 60°N) very
similarly to the tree expansion with the old DGVM (see Figure S1). However, no noticeable expansion of cov-
erage is observed for shrubs, herbaceous plants, and mosses, which altogether remain confined to the cur-
rent range. To investigate the full temporal evolution of the vegetation time series, 15-year smoothed
vegetation coverage for three latitudinal bands is presented in Figure 5. Spin-up starts without vegetation
(100% bare soil) and gradually PFTs expand along spatial gradients in environmental conditions. While
for shrubs and grasses 25 years are enough to stabilize their coverage, mosses require up to 50 years, and
trees take more than 200 years (2250 years in most grid cells). We found that where trees dominate at equi-
librium under preindustrial climate (south of 75°N), there is a transient regime during spin-up. Initially,
shrub and grass covers increase to reach their maximum after 20 to 30 years, after which trees take over
(Figure 5c). Where shrub cover dominates under equilibrium, a similar transient behavior is observed, with
shrub cover attaining its maximum after grasses. This behavior reflects slow changes in the balance between
light competition favoring woody vegetation and the occurrence of very cold winters killing trees and shrubs

DRUEL ET AL.

2025


http://www.esa-landcover-cci.org/

AAAAAAAAAAAAAA
'AND SPACESCIENCE.

Journal of Advances in Modeling Earth Systems 10.1029/2018MS001531

Herbaceous

Shrubs

Figure 4. Composite-color maps of the simulated annual vegetation coverage in northern latitudes (north of 60°N), with
the new dynamic global vegetation model (16 plant functional types with cold C3 grasses, shrubs, and mosses) using three
scenarios: on the left present day (between 1984 and 2013), in the middle and on the right future scenarios (between 2071
and 2100), respectively RCP 4.5 and RCP 8.5 (right). Color coding is such that saturation indicates total grid-scale coverage
maximum (=1), while hue indicates the relative vegetation coverage following the three vegetation layers: trees (red),
shrubs (blue), and herbaceous (green, including C3 and C4 standard grasses, cold C3 grasses and mosses).

occasionally (section 2.2). Between 1901 and 1950, the vegetation is very stable, as the spin-up was computed
by repeating forcing years of this period randomly. Then, from 1950 to 2000, changes progressively appear in
some pixels, but at the scale of whole latitudinal bands these local changes compensate for each other. After
2000, however, more uniform changes emerge in each latitudinal band, and amplify in the end of
this century.

In the boreal band (55°N to 65°N), moss and grass cover (respectively 2.7% and 20.1% in 1984-2013) remain
almost constant over time, while tree coverage (38% in 1984-2013) starts to increase after the 2000s and
reaches up to +42% (over present days) for RCP 4.5 and +68% for RCP 8.5 (in 2071-2100). Shrub coverage
decreases in parallel (respectively by —32% and —56% from the 33% mean coverage in 1984-2013).

In the Arctic band (65°N to 75°N) the present-day maximum coverage reached by shrubs (29%) and trees
(10%) is lower than in the boreal band, while there are more grasses (34%) and mosses (8% in 1984-2013).
Generally, future changes in the different vegetation layers are lower than in the boreal band, except for
trees. The relative coverage of trees increases between +120% for RCP 4.5 and +230% for RCP 8.5 at the
expense of shrubs (respectively —18% and —20%) and grasses (respectively —9% and —27%).

For the very high latitudes (north of 75°N) the equilibrium takes more time to establish. For the present day
a predominant coverage of mosses (16.8%), only a few shrubs (3.9%), less grasses (12.2%) than for other lati-
tudes, and no tree fraction are simulated. Relatively small change with time is simulated in this band for
shrubs (+14% for RCP 4.5 and +33% for RCP 8.5). However, grasses increase consequently (respectively
by +58% and +89%), as well as mosses (+56% and +62%). As a result, there is a considerable decrease of bare
soil coverage from 67% in 1984-2013 to 50% (—26%) with RCP 4.5 and 44% (—34%) with RCP 8.5 in 2071-
2100. Mosses become the largest vegetation cover in the future above 75°N, followed by grasses (including
cold C3 grasses), indicating a very good adaptation of mosses to extreme climate, in spite of the very strong
annual mean surface air temperature increase of about +9 °C in this latitude band by 2100 in RCP 8.5 (+5 °C
in RCP 4.5). In southernmost latitudes, trees seem particularly sensitive to climate warming and they can
become dominant in boreal latitudes (55°N to 65°N).

3.3. Shrub Dynamics at Site Locations With Shrub Cover Change Observations

To compare the modeled shrub dynamics, we selected several Artic sites where shrub cover change has been
documented over the last decades from field data and high-resolution remote sensing images. Here we chose
to compare not only modeled shrub cover but also the LAI and the NPP with observed shrub cover. Indeed,
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Figure 5. Time series of 15-year smoothed maximum vegetation coverage in (a—c) three different latitudinal bands (55°N
to 65°N, 65°N to 75°N, and above 75°N), with the first 100 years of spin-up (from 1,000 years), the present-day simula-
tion (1901 to 2013), future (2014 to 2100) RCP 4.5 simulation (solid line), and future RCP 8.5 simulation (dotted line).
PFT = plant functional type.

the coarse resolution of our simulations does not allow a “like for like” comparison with site data where
shrub changes are highly heterogeneous and occur at microscale (Cresto Aleina et al., 2015) and can be
due to other than climatological factors such as nutrient limitations (Macias-Fauria et al., 2012; see their
Figure 1). Figure 6 shows annual mean shrub LAI simulated at the selected locations. The first four
locations include six sites used in Frost and Epstein (2014): K.O.T. (containing the three sites Kharp,
Obskaya and Tanlova), Dudinka, Uyandi, and Kolyma. The last location (Alaska-NS) is situated in the
north slope of Alaska and contains all sites presented in Tape et al. (2006).

As expected from numerous studies (Bull, 1968; Lane et al., 2000; Oztiirk et al., 2015; Zhang et al., 2002), the
model results show a high positive correlation (from 0.76 to 0.97) between shrub LAI and summer air tem-
perature or annual precipitation for all locations. The results are very similar for NPP (Figure S2) with posi-
tive correlations from 0.74 to 0.98 and an increase over time.

Table 1 compares the relative trend of modeled shrub cover and LAI with that of observed shrub cover
change and the observed and simulated recent shrub cover. First, as noticed above, the simulated shrub
cover is much larger than observed at all sites, except Dudinka. Likewise, the simulated shrub cover has
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Figure 6. Shrub mean annual leaf area index (LAI) simulated as a function of (a) air temperature (°C) in summer (July/
August/September) and (b) annual precipitation (mm/day) for five locations and five periods. The five locations are pre-
sented on the map, with in northern Siberia K.O.T (for Kharp, Obskaya, and Tanlova) in magenta (66-68°N, 66-70°E),
Dudinka in blue (68-70°N, 86-88°E), Uyandi in green (68-70°N, 140-142°E), Kolyma in orange (68-70°N, 160-162°E),
and with Alaska North Slope in red (68-70°N, 162-142°W).

no clear temporal variation across all sites (on average —0.22% per year with a standard deviation [SD] of
0.95%), while the observed cover increases slightly but significantly over time (0.43% per year with SD =
0.14%). For the model, the very large SD poses some questions with respect to the interpretation of the
mean trend; it suggests primarily that some drivers of the observed shrub cover changes are not currently
modeled (e.g., fire, nutrient limitation, soil heterogeneity, and wind stresses; see section 4). In parallel,
modeled shrub LAI increased on average by 1.8% per year (SD = 2.19%) between 1950-1979 and 1984-
2013, with a range between —0.2% at Alaska-NS and 4.4% at Dudinka. Although there is no real trend in
the simulated shrub cover at these sites (using the results from the gridded simulations), there is a clear
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Table 1

Comparison Between Shrub Cover Change and LAI Evolution Simulated (% per Year Between 1950-1979 and 1984-2013) and Observed Cover Change (% per Year),
and Then Shrub Cover Simulated (Between 1984 and 2013) and Cover Presented in Frost and Epstein (2014; Between 1960s and 2000s for K.O.T. (Sites Kharp,
Obskaya, and Tanlova), Dudinka, Uyandi, and Kolyma) and in Tape et al. (2006; between 1965-1968 and 2002-2011)

Simulated cover Simulated LAT Observed cover % cover % Cover
Site change (% per year) evolution (% per year) change (% per year) simulated (1984-2013) observed (2000s)
K.O.T. —-1.3% 4.0% 0.38% 38% 11%
Dudinka —0.98% 4.4% 0.58% 27% 32%
Uyandi 0.11% 0.83% 0.33% 36% 0.04%
Kolyma 0.00% 0.13% 0.27% 36% 7.5%
Alaska-NS 1.1% —0.20% 0.57% 88% 20%

Note. LAI = leaf area index; K.O.T = Kharp, Obskaya, and Tanlova.

increase of shrub cover in observation, which is somehow mirrored in the model by an increase of the
simulated LAI (with larger values but a less pronounced trend). It is however difficult to compare LAI
changes with plant cover changes, although in both cases an increase is commonly attributed to favorable
conditions. At Dudinka or K.O.T., the model LAI increase correlates with the observed strong increase in
shrub cover, while the simulated shrub cover slightly decreases. At Alaska-NS the simulated small
decrease of LAI occurs with a substantial increase of cover change, reaching a very high shrub cover
(88%) compared to the observations (increase of 0.57% per year to reach 20%). In our sensitivity tests to
future climate change, in the RCP 4.5 scenario the simulated LAI increase in 2100 is slightly higher but
more homogeneous in between sites than in the present-day simulation, with a mean of 1.3% (SD =
0.46%) and a range between 0.73% and 1.9% per year. Under the RCP 8.5, the shrub LAI increase is
slightly more pronounced (1.94% with SD = 0.94%). The scenario with higher temperature and
precipitation changes induces large differences in the shrub productivity, revealed by large LAI changes,
although the fraction of the vegetation cover does not change much.

4. Discussion
4.1. Present-Day Simulated PFT Distribution

The results shown above reflect closely the theoretical assumptions made in the DGVM (sections 2.2 to 2.4).
The inclusion of mosses and shrubs has a limited impact on the spatial distribution of trees (Figures 2, 3, and
S1) given that competition for light always favors trees (section 2.2). The slight decrease of tree coverage can
be attributed to soil water competition with shrubs, due to the fact that they share the same soil water tile.
Shrub and tree mortality from minimum winter temperatures is a key parameter in our simulation, and its
modification can significantly change the vegetation distribution (as show in Figure S3). However, in this
study, we have chosen to focus on the impact of adding new PFTs (mosses and shrubs) without changing
the parameterization of the existing PFTs. Another source of uncertainty is the impact of changes in fire
regimes, as summers and springs will get warmer and dryer in the boreal region in the future. More intense
and frequent fires could dramatically reduce tree cover in favor of shrub and grass cover; however, this
mechanism was not accounted for in order to keep a straightforward comparison with the results of the pre-
vious DGVM version and to evaluate only the impact of new Arctic PFTs. This next step will require upgrad-
ing the new fire module implemented in ORCHIDEE (Yue et al., 2014) and adapting it for the behavior of
shrubs and mosses. Disturbances at high latitude can indeed be the most important factor controlling vege-
tation distribution rather than climate warming (Myers-Smith et al., 2011).

The introduction of shrubs capable of outcompeting grasses for light directly reduces the extent of herbac-
eous vegetation in the model. Shrubs are able to grow further north than trees, despite having a similar cri-
tical survival temperature as boreal trees (section 2.4). This is due to the snow cover that reduces the impact
of the minimum daily air temperature to which shrubs are exposed (Druel et al., 2017). Mosses are simulated
in all boreal latitudes, but the fractional cover increases with latitude, and they become the largest vegetation
cover north of 75°N. Quantitatively, this does not represent a large continental area, but it indicates their
capacity to grow at high-latitude conditions, and this can have significant impacts on local soil moisture
and heat conductivity (Beringer et al., 2001; Blok, Heijmans, et al., 2011; Chadburn et al., 2015b; Porada
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et al., 2016). Moreover, the relatively low moss fractional cover in the simulations compared to the observa-
tions can be due to the limited representation of fire succession in this DGVM version, which leads to an
underestimation of moss cover, given that mosses are the first low vegetation type to be established after a
disturbance (Yuan et al., 2014).

The simulated tree extent is close to the satellite-based observations (Figure 3). The herbaceous cover is well
represented, despite a partition between grasses and mosses that differs from present-day estimates
(Figures 2 and 3). The simulated shrub coverage is, on average, too large, with regional fractional cover that
can reach the maximum allowed in the model (0.95). However, the observed shrub coverage rarely exceeds
50% neither at the 2° spatial scale (CAVM Team, 2003; Druel et al., 2017; Frost & Epstein, 2014; Tape et al.,
2006) nor at site level (section 3.3). This overrepresentation in the DGVM may be due to the shrub carbon
allometry, which may favor too much the growth of the above ground carbon pools (compared to below
ground ones) and therefore the spatial coverage. The allometry controls the dynamic of plant height, dia-
meter and leaf area and thus its foliage-projected cover (see equation and Figure in Text S1). Potential
improvements could be to reduce the maximum allowed shrub coverage (Figure 1) to a lower value than
the one used for trees and/or to change the parameters of the allometry relationships (although the current
values were derived from the literature and from calibration with in situ data as explained in Druel et al,,
2017), in particular the maximum diameter. Such behavior can also be due to other processes not taken into
account in this model version. For example, trampling by herbivores has already been considered as a key
factor for the emergence of steppe-tundra vegetation (Zimov et al., 1995). In addition, the impact of wind
speed through the modulation of the critical minimum temperature used in the calculation of the mortality
could also play a significant role.

4.2. Arctic Vegetation Expansion at High Latitudes

The current increase in vegetation development toward high latitudes is becoming very well documented
(e.g., Bonfils et al., 2012; Elmendorf et al., 2012; Frost & Epstein, 2014; Xu et al., 2013; Zhu et al., 2016)
and is mainly attributed to climate change through temperature or water availability. Recent studies suggest
that this expansion will probably continue in the future (Jiang et al., 2012; Zhang et al., 2013). Our model
results suggest a future global decrease of bare soil and a considerable increase of tree cover (Figure 2). At
high latitudes, the critical minimum temperature for tree survival is a key parameter in our model.
Therefore, in our sensitivity tests to future warming, tree mortality linked to minimum winter temperatures
is reduced, leading to an increased of tree cover. Mortality of broadleaved trees during spring frost events is
also reduced in the model, despite the fact that warmer temperatures induce earlier season onset in spring
with increasing frost exposure (Liu et al., 2018). Specifically, we observe a clear decrease of bare soil above
75°N, accompanied by an increase in the cover of mosses and grasses (Figure 5). Between 55°N and 75°N,
the tree cover increases at the expense of shrubs, while mosses and grasses remain relatively constant. In
both cases, there is an extension of global vegetation coverage to the north. Combined with a global increase
of simulated LAI for each PFT in the three latitudinal bands (not shown), these results support the idea that
there is a current Arctic greening and that it will increase over time.

It should be emphasized that the vegetation expansion mainly appears after the 2000s in the model, some-
what late compared to observations (Bonfils et al., 2012; Frost & Epstein, 2014; Jia et al., 2003; Sturm,
Racine, et al., 2001; Zhu et al., 2016). However, the 1,000-year spin-up used in this study uses random
meteorological forcing and CO, concentration from the years 1901 to 1950, during which a boreal tempera-
ture maximum was observed (Bengtsson et al., 2004), similar to temperatures in the late 1990s. Given that
temperature and CO, are the main drivers of vegetation development in northern latitudes (Zhu et al.,
2016), the distribution of the simulated vegetation at the end of the spin-up could already correspond or
be close to the observed present-day vegetation distribution. Combined with the fact that the model NPP
is highly sensitive to CO, and temperature, this spin-up procedure could partially bias the simulation of
the recent evolution of vegetation cover. No expansion of vegetation was simulated from 1950 to 2000,
whereas the evolution of the vegetation is significant from 2000 to 2100 in the climate warming sensitivity
tests (around +5 °C in RCP 4.5 and +9 °C in RCP 8.5, in boreal latitudes).

Finally, the vegetation distribution expansion hides other aspects of ecosystem changes at high latitudes,
such as the increase of productivity linked to precipitation and temperature (Figure 6). This could have sub-
stantial effects on carbon and water fluxes and associated climate feedbacks. It is therefore necessary to
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combine changes on carbon fluxes and stocks (i.e., biomass and productivity) and evapotranspiration to
assess the global impact of future vegetation evolution. Moreover, the structure of the vegetation coverage
(type, density, ...) directly modifies the surface energy budget, impacting soil temperature and permafrost
depth. Thus, all feedbacks linked to changes in vegetation distribution and properties should be studied with
coupled soil temperature-hydrology models.

4.3. Shrub Distribution

We do not simulate a shrub expansion in the very high latitudes (Figures 2, 4, and 5), which is at odds with a
growing number of recent observations (Blok, Schaepman-Strub, et al., 2011; Bonfils et al., 2012; Frost &
Epstein, 2014; Myers-Smith et al., 2015; Zhang et al., 2013). This discrepancy could be explained by the mini-
mal critical temperature that is used (which is the same as for trees), which mainly drives their northern dis-
tribution. There is a possibility that shrubs were already too far up north in the recent period simulations
(Figure 5 and Table 1). Furthermore, additional simulations including warmer minimal critical tempera-
tures for trees and shrubs (which will lead to increased mortality, see section 2.4) were tested; however,
no substantial “shrubification” was simulated and significant differences between the present-day vegeta-
tion distribution and the observations were obtained (see Figure S3). An additional major contributing factor
to explain the lack of shrub extension in northern latitudes (>65°N in Figure 5), where space is available for
plant growth, is the protection of shrubs by snow (Druel et al., 2017). The associated mortality reduction can
explain the higher proportion of shrubs at very high latitudes compared to trees. Due to the decrease in snow
cover with global warming, or a discontinuous snow cover during winter as suggested by Gamm et al. (2017),
the protection of shrubs diminishes. Thereby, the main advantage of shrubs against trees in boreal regions
could be reduced, which in turn may limit shrub expansion under future climate change. It is also important
to note that contrary to what could be expected with a global model, our simulations show no consistency
across the five sites, although the observations show a systematic and significant trend. This may be due
to a bias in the choice of the observation sites, chosen for the presence of shrubs, which are not necessarily
representative of surrounding areas and thus of large-scale model grid cells.

Other processes potentially playing a role in the dynamic of vegetation distribution could be implemented or
adapted from trees to shrubs with differential effects. For example, trees are more resistant to fire, but, with a
higher regeneration rate, shrubs will have advantages in situations with successive fires. Also, the increase of
the woody vegetation size makes trees more vulnerable to vessel freezing, cavitation (Hacke & Sperry, 2001),
or wind throw. As a result, decreased shrub mortality combined with LAI increases (as shown in Table 1 and

section 3.3) would lead to a shrub cover increase. Moreover, herbivores tend to inhibit climate-driven shrub
expansion (Olofsson et al., 2009). Additionally, moisture availability or air temperature can impact shrub
growth (Gamm et al., 2017; Myers-Smith et al., 2015; Young et al., 2016), and shrubs and trees have different
requirements in terms of organic matter depth and active soil layer. Likewise, some processes developed in
other versions of ORCHIDEE may also be critical, such as the nutrient availability requirement, the root pro-
file depending on biomass, the plant succession, or the competition based on individuals (e.g., in Smith et al.,
2011) instead of PFT fractional cover at grid scale. Moreover, in this study we considered only one type of
boreal shrub. It would be conceivable, as for trees, to distinguish between different types of shrubs such as
needleleaf and summergreen shrubs, as is done in JULES (Harper et al., 2016).

Conversely, the simulations show an increase of LAI (section 3.3), suggesting a climate-driven increase of
shrub activity. Altogether, a decrease in shrub mortality (for the reasons explained above) would lead to a
shrub cover increase. Some observations support also the possibility that no global or uniform shrub expan-
sion would necessarily appear in the next decades with global warming. For example, a decline of shrub
growth was observed in Greenland (Gamm et al., 2017). More generally, the sensitivity of shrub growth to
climate change could locally be very heterogeneous as it also strongly depends on soil heterogeneity (ferti-
lity, water holding capacity, etc.) and the drivers are still poorly understood (Myers-Smith et al., 2015).

Finally, it could also be interesting to reconsider the idea of a continuous shrub expansion at northern lati-
tudes. This expansion could be noncontinuous spatially and temporally, and may likely be undetectable in
coarse-resolution (2°) simulations. Moreover, the observed shrub expansion could simply be a transient
effect that actually masks a tree expansion. Indeed, the current implementation of shrubs in the model, very
similar to the implementation of trees, and the large tree expansion simulated in northern latitudes suggest

DRUEL ET AL.

2031



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Journal of Advances in Modeling Earth Systems

10.1029/2018MS001531

Acknowledgments

This study was made possible thanks to
the GAP Swedish-French project and
Page21. The authors acknowledge
financial support by the European
Union Seventh Framework Program
(FP7/2007-2013) project PAGE21,
under GA282700, and a French-
Swedish program that has funded the
first author's PhD, through the GAP
project. We would also like to thank
Deborah Verfaillie for constructive
feedback and discussion. Data are
available from corresponding author.
Readers interested in running the ORC-
HL-VEGV1.0 version described in this
paper can have access to the code
(available at https://github.com/
ArseneD/ORC-HL-
VEGcommitb74ael6) and are
encouraged to contact the
corresponding author for full details
and practicality.

that shrubs should be considered as “small trees,” a step before becoming a tall tree in an environment
where limitations for tree growth disappear.

5. Conclusions

We modeled the competition between different trees, grasses, shrubs, and mosses in the ORCHIDEE global
dynamic vegetation model that previously only represented trees and grasses. The general principles of the
original dynamic vegetation model are conserved, with trees outcompeting shrubs and both outcompeting
grasses and mosses for light, and trees and shrubs being affected by mortality during cold winters. Here,
shrubs are modeled like small trees (with new allometry relationship and parameters), except that they
are protected by the winter snowpack and thus their winter mortality is lower than that of trees. Mosses
are assigned a low photosynthetic rate, and their absence of roots makes them more sensitive than grasses
to water stress episodes. The competitiveness of mosses stems from their opportunistic phenology as they
can become dormant during dry periods and resume growth thereafter.

With these simple rules, the global dynamic vegetation model was shown to provide a reasonable represen-
tation of the present-day distribution of the vegetation types in the Northern Hemisphere, with an improve-
ment compared to the previous dynamic model version. However, the model was not able to capture the
observed fast rate of shrub area expansion at several Arctic sites during the last decades, although it does pro-
duce an increase of shrub LAI and productivity. The establishment or emergence of shrubs in ecosystems
where they are endemic is probably strongly controlled by microscale effects like available thawed space
and nutrients and by disturbances (such as fire succession) that are not modeled. Future projections of
northern vegetation dynamics in response to climate and atmospheric CO, changes indicate a substantial
Arctic vegetation expansion with a reduction of bare soil areas, as well as a continued greening, that is,
increased LAI and productivity, with a higher impact on mosses in northern latitudes and on trees at inter-
mediate latitudes. The decrease of bare soil fraction is continuous, but faster in the hottest scenario.

This study is part of the current effort to improve the quality of climate model predictions, for which vegeta-
tion dynamics are crucial, particularly in northern latitudes. The introduction of more detailed vegetation
allows us to have a better representation of ecosystems and their complexity. Future research could focus
on the effect of the different vegetation types including nonvascular plants or shrubs on soil temperature
and on permafrost distribution, through their effect on soil thermal conductivity (water and carbon content),
on winter snow insulation and on albedo differences and the associated feedbacks.
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